Clean, renewable and abundant sources of energy, such as the vast energy of ocean waves, are untapped today, because no technology exists to convert such mechanical motions to electricity economically. Other sources of mechanical energy, such as motions of people and vibrations of buildings and bridges, can potentially power portable electronics and distributed sensors. Here we show that natural rubber can be used to construct generators of high performance and low cost. Natural rubber has higher elastic modulus, fracture energy and dielectric strength than a commonly studied acrylic elastomer. We demonstrate high energy densities (369 mJ g À1 ) and high power densities (200 mW g À1 ), and estimate low levelized cost of electricity (5-11 ct kW À1 h À1 ). Soft generators based on natural rubber enable clean, low-cost, large-scale generation of electricity.
Introduction
Hydropower and winds have been harvested economically, but most other sources of mechanical energy, such as human motions, ocean waves, and building vibrations, have remained untapped. Harvesting these sources of energy is highly desirable. On a small scale, for example, the power generated from the heels of a walking person may charge mobile devices; a full charge of a smart phone requires about 0.1% of our daily energy uptake. On a large scale, ocean waves contain sufficient energy to satisfy the total worldwide demand for electrical energy. 1 No technologies, however, exist to convert these sources of mechanical energy to electricity at low cost. For example, many designs have been proposed to harvest ocean wave energy, 2 but they are not economically competitive. These devices couple with the ocean waves through large and repeated motions of hard materials. They are costly to construct and maintain in the harsh ocean environment. 3 Here we show that natural rubber can be used to convert mechanical motions to electricity at high energy and power density, at potentially low cost.
Natural rubber is inexpensive and robust, and has been used in oceans for well over a century as electrical insulators, buoys, etc. 4, 5 A so generator involves a deformable capacitor operating through electromechanical cycles. [6] [7] [8] [9] [10] [11] [12] A membrane of a so dielectric is sandwiched between two compliant conductors. The two conductors carry electric charges of the opposite Fig. 1 In a soft generator, mechanical forces do work to raise the voltage of electrical charges. After mechanical forces stretch a rubber membrane (yellow), the compliant electrodes (gray) on opposing faces of the stretched membrane receive charges of opposite polarities from an external source. Subsequently the membrane is disconnected from the external source. When the mechanical forces reduce, the membrane increases thickness and decreases area, raising the fixed amount of charges to a higher voltage. polarities (Fig. 1) . In one state, a mechanical force stretches the membrane, and the voltage between the two conductors is low. In the other state, when the mechanical force reduces, the membrane decreases the area and increases the thickness, raising the xed amount of charges to a higher voltage. The change between the two states enables the mechanical force to raise the xed amount of electrical charges to higher voltage.
Existing demonstrations of so generators have used acrylic 6, 8, [13] [14] [15] and silicone-based 10,16 elastomers. The relatively high cost of these elastomers have prevented them from largescale applications. [17] [18] [19] In addition, the acrylic elastomers are highly viscous; the large energy loss limits the frequency range and conversion efficiency. Furthermore acrylic elastomers have relatively low fracture energy oen leading to rupture under electromechanical loads. 20 We show that natural rubber is much less viscous, and has higher fracture toughness and dielectric strength than the acrylic elastomers. This work asses the aptitude of three materials employed in the same experimental setup, to provide comparative results. We demonstrate the energy conversion capability of natural rubber, and use the results to illustrate the feasibility of deploying natural rubber as a low cost ocean wave energy harvester.
Results

Material properties
The basic aptitude of natural rubber for energy harvesting is tested on two example materials based on natural rubber and on commonly used acrylic elastomer. Using commercially available mass products ensures a large material supply chain with identical composition, produced under the quality standards common in industry.
This work characterizes the material properties of three offthe-shelf dielectric elastomers. ZruElast A1040 (ZRU) 21 is a 300 mm thick natural rubber sheet containing 23 wt% of inorganic llers and 1.19 wt% of carbon. Oppo Band 8003™ (OP) 22 from Oppo Medical Inc. is a 227 mm thick physiotherapy rubber sheet containing 0.96 wt% inorganic llers and 0.56 wt% carbon.
Oppo Band was selected due to the elasticity and mechanical durability that a physiotherapy band is designed for. The acrylic-based material is 1000 mm thick VHB4910™ from 3M™. 23 The aptitude of materials for use in so generators is largely determined by several properties. The dielectric strength E B (l) and the dielectric permittivity 3 determine the amount of electrical energy f 3E B (l) 2 that can be stored. Improving the performance of dielectric materials The elastic stiffness and the limiting stretch determine the amount of mechanical energy that can be stored. The 'mechanical-to-electrical' energy conversion efficiency is limited by dissipative processes such as viscoelastic hysteresis and charge leakage. 24 The toughness of an elastomer is quantied by fracture energy, namely, the energy needed for a crack to advance per unit area. In order to assess the usefulness of the different elastomers for energy harvesting, we experimentally measure the mechanical and dielectric properties of these materials ( Fig. 2 and Table 1 ). The detailed description of the experimental methods used to determine the material parameters is given in ESI † in the section "Experimental methods".
The dielectric strength is dependent on the state of stretch, and is much larger in natural rubber than in the acrylic elastomer 25 (Fig. 2a ). To obtain the intrinsic dielectric strength of the samples we employ the method of Tröls et al. 25 preventing any actuation while applying high voltage. Following Koh et al., 26 we t our experimental data to the expression
the unstretched dielectric strength E B and the strengthening exponent R are material parameters given in Table 1 . We t the stress-strain relations obtained by a ZWICK universal testing machine under uniaxial tension to the Gent model 27 (Fig. 2b) . In the Gent model, the parameter m is the stiffness and the parameter J lim determines the maximum squared stretch. The value J lim of VHB is three times that of OP and ZRU. On the other hand, the stiffness m of VHB is one order of magnitude lower than that of natural rubber. Thus VHB is more stretchable than natural rubbers, but less stiff. Fracture energy indicates the capability of a material to resist the growth of a crack under mechanical load. Fig. 2c shows the nominal stress-stretch relation of samples containing a preexisting crack of 20% of the materials width under pure-shear deformation. The strain at rupture in precut samples is used to obtain the fracture energy as detailed in the methods section. The fracture energy of natural rubber is almost two times that of VHB at a strain rate of 100%/s ( Table 1 ). The fracture energy for VHB is consistent with a previously reported result. 20 All of the tested elastomers exhibit large hysteresis losses in the rst loading-unloading cycle, which gradually saturates to a lower value from the 5 th cycle onwards. This may be attributed to the Mullins effect, 28, 29 which is most observable in the rst few stress cycles of a pristine elastomer, and gradually diminishes for subsequent cycles (details are presented in ESI, Fig. S4 †) . The different ller material of ZRU affects its dielectric strength and causes plastic deformation at large stretches. In the steady state, the energy loss per cycle is larger in the acrylic elastomer than in the natural rubbers ( Fig. 2d-f ).
With these material properties, we plot regions of allowable states on work-conjugate planes of voltage and charge 30 for the three materials ( Fig. 3 ). The regions of allowable states are determined by lines of maximum biaxial stretch, dielectric breakdown, and states of zero tensile stress (loss of tension). On this plot, any state located within the shaded regions denotes an allowable state, whereas any state located outside are inaccessible due to the occurrence of one or more modes of failure. The area of the shaded region gives the maximum theoretical specic electrical energy that can be generated 26 employing biaxial stretch.
The theoretical potential to convert energy of the two rubbers is three times that of acrylic elastomer (Fig. 3) . This difference is due to the higher shear modulus and higher dielectric strength of natural rubbers than those of the acrylic elastomer. Direct comparison of OP (3.5 J g À1 ) and ZRU (3.0 J g À1 ) reveals a slightly lower conversion capability of ZRU due to lower dielectric strength and maximum stretch.
Material assessment in so generators
We converted mechanical energy to electrical energy using a particular experimental setup ( Fig. 4) . We approximately achieved an idealized electromechanical cycle ( Fig. 4a ) by using a circuit ( Fig. 4b) and an air chamber covered with a dielectric elastomer membrane (Fig. 4c ). This circuit consists of a low voltage (F L ) reservoir of charge and a high voltage (F H ) reservoir of charge, represented by two capacitors of large capacitances C in and C out . 8, 30, 31 The two diodes ensure that the electric current only ows from the input to the output reservoir. Several different designs could be employed 32 and for an unambiguous measurement of the energy balance a simple design is implemented, such that all useful electric energy is stored in two reservoirs before and aer a generation cycle. The two reservoirs, C in and C out , are rst charged to low and high voltage respectively. Beginning from an uncharged state for the dielectric elastomer generator, charges will ow from C in to the generator while stretching. The voltage across C in and the generator will eventually equalize, and charging continues at constant voltage until the maximum mechanical stretch is attained. Here, we ensure that the charges on C in and C out are much larger than the maximum charge on the dielectric elastomer generator, such that the voltages on C in and C out are only slightly affected by transfer of charges to/from the generator. When the pressure reduces, the dielectric elastomer membrane reduces its area and increases its thickness. Consequently the membrane boosts the voltage until it matches that of the output capacitor, and begins to pump charges into C out . This process of constant voltage charge pump by mechanical relaxation continues until the membrane is fully relaxed. The cycle is repeated. The corresponding yield of the electrical energy by the so generator per cycle is: where DQ in is the net charge transferred from C in to the membrane at voltage F L , and DQ out is the net charge transferred from the membrane to C out at voltage F H . We deform a at membrane into a balloon by pressurizing a chamber (Fig. 4c ). This technique allows the membrane to undergo equal-biaxial stretching at areas around its apex, which enlarges as the membrane inates. The mechanical work done on the membrane per cycle of operation is:
here p is the applied pressure, and V is the volume of the balloon. W mech is represented by the area bounded by the p-V curve.
The maximum electrical energy yield W ele is proportional to the volume of the membrane, the dimensions of the membrane are of no importance. Larger thickness linearly increases applicable voltages, while the charge on the membrane remains constant as the increase of voltage is compensated by a decreasing capacity. Increasing the area of the membrane does not affect the voltages, but linearly increases the amount of charge stored on the membrane. A similar argumentation also leads to the conclusion that W mech is proportional to the volume and thus all energy related quantities can be normalized by the volume of the elastomer membrane and due to incompressibility also by the mass.
By monitoring the voltage F, the pressure p and the balloon volume V of the so generator we can hence track the mechanical and electrical energy ow through the so generator and determine the specic electrical energy and specic average power.
This method was previously used to assess the aptitude of VHB4910 resulting in a specic electrical energy output per cycle of 102 mJ g À1 and specic average power of 17 mW g À1 . 8 Energy harvesting using ZruElast™ A1040
For a lossless membrane under equal-biaxial stretch, energy conversion scales to the fourth power of the stretcha membrane stretched to two times its original dimensions boosts electrical energy to 16 times the amount of input energy when relaxed. This highly effective manner of energy conversion can be adopted in a diverse range of energy harvesting applications. [33] [34] [35] [36] Fig . 5a shows the generator capacitance change over two orders of magnitude due to the ination of the membrane during the experiment (represented by open triangles in Fig. 5a ). This is in agreement with numerical simulations (red line in Fig. 5a ), adapted from Li et al. 37 Fig. 5b tracks the histories of experimentally determined quantities pressure (p), volume (V), voltage (F) on the membrane and net charge (Q net ) transferred to the membrane, during the 6th cycle using the setup introduced in Fig. 4 . Many materials experience a stressstrain hysteresis upon cyclic loading which fades to a small value aer few cycles. The evolution of the hysteresis loss is presented in ESI, Fig. S4 † and shows that from the 6 th cycle onward all analyzed materials already experience low hysteresis loss which is comparable to the long term values shown in Fig. 2d-f .
The 5 th cycle ends approximately 7 seconds before the 6 th cycle starts with the generator being at a state of high voltage and minimum charge. During this period, leakage currents lead to a slow voltage drop. At t ¼ 0 s the generator cycle starts by inating the membrane, increasing its capacitance while keeping the charge constant until the voltage matches that of the input reservoir at point 1 (t ¼ 0.67 s). Upon further ination charge is transferred from the input reservoir to the membrane which reaches its maximum volume and capacitance (pt. 2) at t ¼ 2.29 s.
In the following deation stage the charge is again conned to the membrane and the voltage increases, reaching the level of the output reservoir at point 3 (t ¼ 2.53 s). Subsequent deation results in transferring charges from the membrane to the output reservoir, until the minimum volume is reached (pt. 4) at (t ¼ 2.55 s). In this experimental cycle, the specic electrical energy generated was 210 mJ g À1 , the mechanical energy consumed was 1.4 J g À1 , resulting in a 'mechanical-to-electrical' conversion efficiency of 14.9% and a specic average power of 82.4 mW g À1 . As some charge leaked through the membrane (6.4 mC) the cycle is not closed since more charge was transferred from the input reservoir (Q in ¼ 23.6 mC) to the membrane than transferred from the membrane to the output reservoir (Q in ¼ 17.2 mC).
Energy harvesting using Oppo Band™ 8003
The typical conversion cycle depicted in Fig. 3 was also used to assess the aptitude of OP for so generators and the results are shown in Fig. 6 . On the last leg of the 5 th cycle (t < 0 s, point 4 of 5 th cycle), the voltage at the membrane drops due to charge leakage. The 6 th cycle commences upon ination of the membrane, resulting in a sharp voltage drop that matches the voltage at C in , given by pt. 1 at t ¼ 0.34 s. Charges transfer from C in to the membrane at constant voltage up to a prescribed maximum stretch, given by pt. 2 at t ¼ 1.73 s. At this point, the membrane deates, resulting in an open-circuit voltage boost. The voltage of the membrane matches the voltage of the output reservoir at pt. 3 at t ¼ 1.84 s. Aer that, charges are transferred to C out at constant voltage as the membrane continues to deate until it is at, given by pt. 4 at time t ¼ 1.85 s. Fig. 4c gives the measured voltage and charge states on the voltage-charge plane. This plot is compared with the ideal cycle in Fig. 4a . It was experimentally observed that the charge transferred from C in to the membrane (DQ in ¼ 21.2 mC) is not fully transferred to C out (DQ out ¼ 15.7 mC). This represents a leaked charge of 5.5 mC. From (2), the electrical energy yield is 369 mJ g À1 . With the cycle time of 1.85 s, the specic average power is 200 mW g À1 . Fig. 4a . (c) Measured generator cycle depicted in the electrical work-conjugate plane. This cycle is not closed due to charge leakage. Charge lost due to leakage results in the gap between the initial charge and the charge at the final point of the cycle. The electrical energy input (148 mJ g À1 , red area), and the output (358 mJ g À1 , green area) total in net generated energy of 210 mJ g À1 . (d) The path depicted in the mechanical work-conjugate plane enclosing an area of 1.4 J g À1 resulting in a 'mechanical-to-electrical' energy conversion efficiency of 14.9%. From (1), the mechanical energy is 5.1 J g À1 , giving a 'mechanical-to-electrical' conversion efficiency of 7.2%.
These are among the highest experimental values of specic average power and energy reported in the literature for so generators. Using a different setup with equal biaxial deformation the highest reported value for a so generator using VHB is 280 mW g À1 and 560 mJ g À1 . 38 Implications on wave energy harvesting Existing designs for ocean wave energy harvesting 2 currently work at high levelized costs of electricity (LCOE). 3 The LCOE is calculated by accounting for all costs within the expected system lifetime, divided by the energy output of the system. Pelamis is the world's rst wave energy converter (WEC) that supplies power to electrical grids. 39 It consists of long, rigid steel pipes with joints that ex with ocean waves. To convert sufficient energy for power grids, each Pelamis module is about 200 m long, and operates at an LCOE of 26.5-61.7 ct kW À1 h À1 . 40 Similar to the Pelamis, the Oyster, 41 Drakoo, Archimedes wave swing, 2 Anaconda, 42 point source buoy converter 2 and the terminator Salter Duck 43 devices simply channel power from waves to drive rotary or linear generators. These generators, known as power take-off systems, 44 contribute signicantly to the cost of the wave energy converters. 45 The cost of steel and concrete is also signicant due to costly material production and maintenance in the harsh ocean environment.
Here we identify natural rubber as a material for so energy generators that allow for ocean wave energy harvesting at a potentially low LCOE in the range of 5-11 ct kW À1 h À1 , significantly lower than currently available technology. The very high energy density, 36, 46 the lack of moving parts 16 and the inherent impedance matching 47 are unique benets of so wave energy generators.
The LCOE for so WECs are estimated based on an analysis of the Pelamis wave energy converter. 40, 45 The LCOE of Pelamis are modied to match material cost, estimated lifetime and estimated savings on maintenance when using so materials for the structure and adjusted for the different specic power. Details are available online in ESI, Fig. S2 . † Natural rubber is harvested from plants, has a low carbon footprint 48 and low material cost. 49 Pará rubber trees (Hevea brasiliensis) exist in abundance Southeast Asia. They are a hardy species, with a single mature tree capable of producing a continuous supply of latex for up to 25 years. 50 For example, Thailand, Indonesia and Malaysia, the world's top three producers of natural rubber, produced 7.4 million metric tons of rubber in 2011. 49 Natural rubber production is sustainable due to low soil nutrient depletion and the long productive life of rubber trees.
Natural rubber-based generators are very promising due to the low cost of material production and high energy conversion potential. We demonstrated that so, natural rubber generators have high specic power resulting in systems that are lightweight and low cost. It is observed that the fracture energy is twice as high for rubber compared to VHB at a strain rate of 100%/s. It has been shown in previous works that the fracture energy of amorphous polymers is correlated with their fatigue life against cyclic loading. 51 We may hence conclude that both rubbers are more durable against cyclic operation than VHB.
The demonstrated specic power of 200 mW g À1 , at a fraction of the costs of current technologies may allow large-scale production of economical, portable and durable mechanical energy harvesting systems. To replace a large power plant (1 GW) the amount of rubber needed is 10 5 tons assuming a conservative power density on the order of 10 kW t À1 . This is only 1% of the annual rubber production.
The key challenges of implementing mechanical energy harvesting systems lie in system size and cost. 16 This challenge is particularly important in ocean wave energy harvesting, Fig. 7 Natural rubber-based soft generators as a clean and economical method to convert mechanical energy of ocean waves to electricity. (a) The full potential of major sources of renewable energy (yellow bars) and their actual contribution to electricity production (pink bars). The full potential of wave energy is on par with the worldwide electricity generation, and is comparable with hydropower and geothermal sources; but its annual production is negligible. Wave energy therefore presents a huge untapped source of clean energy. (b) Production cost (LCOE) versus carbon footprint (greenhouse gas emission) of various energy sources (both renewable and fossil fuel). Harvesting energy from ocean waves with existing technologies (conventional wave) emits twenty times less greenhouse gas than natural gas and coal, but its levelized cost of electricity (LCOE) is more than four times higher. High LCOE prevents large scale exploitation of wave energy. Soft generators based on silicone rubber (in blue) already halve the level of LCOE compared to conventional techniques. On the other hand, natural rubber-based soft generators (in green) can significantly reduce LCOE and greenhouse gas emission.
where wave energy converters must be of low cost and be able to generate energy in isolation. Comparably small wave energy converters with high energy density may enable the harvesting of wave energy close to conurbations with heavy sea traffic leaving the sea channels obstruction-free avoiding long transmission paths.
An alternative lower cost so material-based wave energy converter 16 using natural rubber operates at 28% (5-11 ct kW À1 h À1 ) of the LCOE of Pelamis. This estimate is based on a detailed analysis of Pelamis 45,52-54 which is adapted to the different material and maintenance cost, structure, and power density of a so wave energy converter. The details of this estimation are found in ESI. † The estimation assumes achieving a real-world power density in ocean environments of only 1% (2 kW per ton) of the maximum power density achieved under laboratory conditions (200 kW per ton). The reason behind this conventional assumption is that a large scale wave energy converter will certainly include additional parts adding to its weight, while operating for a very long lifetime demands for operation under safe conditions reducing the electrical power output. The resulting power density of 2 kW per ton are comparable with the power density reported from wave tank tests of a similar device using silicone rubber (1.1 kW per ton). 16 The signicance of this result is emphasized by the fact that today no existing technology is capable to tap into the huge resource of ocean wave energy at competitive prices. Fig. 7a compares the potential energy supply and the actual production of different resources to the amount of electric energy generated in 2009 (20 043 TW h). 3 Although marine waves provide a huge renewable resource, with a total potential at the same level as the yearly energy needs of the world, 55 it is largely untapped.
Furthermore, the simplicity of production and low maintenance of natural rubber based structures cause greenhouse gas emissions as low as 1.5 g CO 2 eq. per kW per h as compared to Pelamis' 28 g CO 2 eq. per kW per h. 56 Fig. 7b compares LCOE and greenhouse gas emissions of different technologies for generation of electricity. Details of the method for estimating the LCOE and a referenced version of Fig. 6 are found online in ESI, Fig. S1-3 . †
Conclusion
The discovery of natural rubber as an electromechanical generator creates the possibility of developing mechanical harvesting systems that are sustainable and low in cost. Its high fracture energy promises high durability and lifetime, the outstanding combination of mechanical and electrical properties are responsible for high specic energy and power in so generators and all this comes in one package in well-known natural rubber at a low material price.
The technology can be used to harvest ocean energy to feed into the energy grid as well as harvesting energy from ambient environment to power portable devices and remote sensors. Recent advances in material design using nanoscale llers enhance permittivity as well as dielectric strength 57, 58 which could lead to optimized rubber based materials and improve the performance of so generators, opening up more and more possibilities for so energy harvesting.
